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This paper summarizes the studies of plasma kinetic instabilities in the electron cyclotron frequency range
carried out over the last decade at the Institute of Applied Physics in Nizhny Novgorod. We investigate the
nonequilibrium plasma created and sustained by high-power microwave radiation of a gyrotron under the elec-
tron cyclotron resonance condition. Resonant plasma heating results in the formation of at least two electron
components, one of which, more dense and cold, determines the dispersion properties of the high-frequency
waves, and the second, a small group of energetic electrons with a highly anisotropic velocity distribution,
is responsible for the excitation of unstable waves. Dynamic spectra and the intensity of stimulated electro-
magnetic emission are studied with high temporal resolution. Interpretation of observed data is based on the
cyclotron maser paradigm, in this context, a laboratory modeling of non-stationary wave-particle interaction
processes have much in common with similar processes occurring in the magnetosphere of the Earth, planets,
and in solar coronal loops.
I. INTRODUCTION
Electron cyclotron instabilities of magnetically con-
fined nonequilibrium plasma are common in space
plasma. Most vivid manifestations are electromag-
netic emissions in magnetospheres of the Earth1,2, other
planets3 and stars4. Precipitations of energetic parti-
cles, frequently accompanying such instabilities, affect
the dynamics of the Earth’s radiation belts5. Research of
similar processes in laboratory conditions is very impor-
tant for understanding the physical mechanisms of in-
stabilities in space plasmas6–8. Besides that, cyclotron
instability is an important channel for the loss of ex-
cess energy stored in the fast particles9,10, thereby lim-
iting the achievement of peak plasma parameters in
applications11.
In this paper we review the kinetic instabilities of
nonequilibrium plasma supported by high-power mi-
crowave radiation under the electron cyclotron resonance
(ECR) condition in an axisymmetric open magnetic trap.
Instabilities are manifested as a generation of short pulses
of electromagnetic emission in electron cyclotron (EC)
frequency range accompanied by precipitation of hot elec-
trons from the trap. We study detailed time-frequency
characteristics of the stimulated electromagnetic emis-
sion, what has been made possible only recently with
the advent of methods for measuring the electromag-
netic field with high temporal resolution. With respect to
the other laboratory studies of EC instabilities7,8, where
plasma emissions are excited by electron beams, we ex-
plore microwave emissions generated by much wider dis-
tributions of fast electrons in a velocity space driven by
strong ECR heating of target plasma.
a)Author to whom correspondence should be addressed. Electronic
mail: ags@appl.sci-nnov.ru
II. EXPERIMENTAL SETUP AND CONDITIONS
The experiments were performed in the plasma of ECR
discharge sustained by high-power millimeter-wave gy-
rotron radiation (at frequency 37.5 GHz, power up to 80
kW, pulse duration up to 1 ms) in the compact magnetic
mirror trap SMIS-3712. The schematic view of setup is
shown in Fig. 1. The axially symmetric discharge cham-
ber is placed in the mirror magnetic trap of the length
200 mm, produced by pulsed coils which allow obtaining
maximum magnetic field strength of 4.3 T, mirror ratio
is about 5, pulse duration 7 ms. The discharge chamber
is a tube with inner diameter of 38 mm which is widened
in center part by the tube with inner diameter of 72 mm
and 50 mm length. Plasma is created and supported un-
der the ECR conditions at the fundamental cyclotron
harmonic. The microwave radiation is launched along
the trap axis through the teflon window and is focused
to one of the ECR zones by a matching unit. The ECR
surfaces, which correspond to the magnetic field strength
1.34 T, are situated symmetrically between the magnetic
mirror point and the trap center. Ambient pressure of
a neutral gas varies during experimental shot from 10−6
to 10−3 Torr. Most of the reported experiments are per-
formed in nitrogen, although similar results are obtained
in argon and other gases.
FIG. 1. The schematic view of the SMIS-37 setup.
ar
X
iv
:1
61
2.
00
69
5v
3 
 [p
hy
sic
s.p
las
m-
ph
]  
20
 Fe
b 2
01
7
2TABLE I. Plasma parameters at different stages of ECR discharge.
ECR start-up Stationary discharge ECRH switch-off Plasma decay
Nh & Nc Nh  Nc Nh . Nc Nh ∼ Nc
Cold electron density Nc – ∼ 1013 cm−3 ∼ 1012 cm−3 . 1011 cm−3
Cold plasma temperature Tc – 100− 300 eV ∼ 100 eV ∼ 1 eV
Hot electron density Nh ∼ 1010 cm−3 1011 cm−3 / 109 − 1010 cm−3 ∼ 1011/ 1010 cm−3 ∼ 1011/ 1010 cm−3
Hot electron energy εh ∼ 300 keV ∼ 10 keV / 10− 100 keV ∼ 10/ 100 keV ∼ 10/ 100 keV
Plasma frequency to minimum
cyclotron frequency ωpe/ωce ωpe/ωce  1 ωpe/ωce  1 ωpe/ωce & 1 ωpe/ωce  1
At least four stages of ECR discharge with different
plasma parameters can be identified6, see table I. At the
first stage, with a duration of about 100 µs, the plasma
density is small, and the absorbed microwave energy is
enough to accelerate electrons up to relativistic ener-
gies. At the second stage, which lasts until the end of
the microwave pulse, the bulk plasma density is higher
than during the first stage by more than two orders of
magnitude. At that period, the plasma consists of two-
components, a cold dense component (Nc, Tc) with an
isotropic velocity distribution, and the less dense com-
ponent of hot electrons (Nh, εh) with anisotropic dis-
tribution function13,14. The transition from the initial
start-up discharge stage to the stage of developed ECR
discharge takes about several decades of microseconds
and is related to the plasma density increase resulted
from ionization of neutral gas arriving into the trap with
increasing flow rate due to desorption from the inner
walls15. The energy stored in hot electrons is partially
spent on ionization of the incoming neutral gas. During
this stage, the plasma density is about the critical den-
sity 1.7×1013 cm−3 for microwave radiation at 37.5 GHz.
At this density level, the absorbed microwave power is
not sufficient to heat an essential number of electrons to
relativistic energies; thus the average electron energy de-
creases. The third stage starts right after the ECR heat-
ing switch-off, when the density of cold fraction decreases
rapidly, while the hot electrons with an anisotropic ve-
locity distribution function are confined in the magnetic
trap much longer. Starting from a certain time, the den-
sity of the hot component become equal to or even higher
than the density of the cold component. The fourth stage
is observed with a delay about hundreds of microseconds
in a decaying plasma when the density of cold plasma is
much less than the density of the hot component.
The dynamic spectrum and intensity of stimu-
lated plasma emissions are studied with use of high-
performance oscilloscopes (Tektronix MSO 72004C with
analog bandwidth 20 GHz, sampling rate 100 GSample/s,
and Keysight DSA-Z 594 A with analog bandwidth
59 GHz, sampling rate 160 GSample/s). The signal is
picked up with a broadband horn antenna with a uni-
form bandwidth in the range from 2 to 20 GHz. The
directional antenna is placed outside the discharge cham-
ber near one of two vacuum windows as shown in Fig. 1.
Thus, in principle, we can detect the microwave emission
propagating along and across the magnetic field sepa-
rately. However, in the reported experiments the level of
signal in both directions was essentially similar in most
regimes. Most reliable data on the propagation direction
was obtained in earlier experiments performed with more
robust equipment.
To cover all stages of ECR discharge, the length of
the recorded waveforms is set to 5 ms what corresponds
to (5 − 8) × 108 data points (depending on oscilloscope
model) per channel for a single experimental shot. The
dynamic spectra are calculated from the recorded oscillo-
scope data by short-time Fourier transform with a Ham-
ming window. The window size τw is defined to fulfill the
following conditions:
τ−1sw < τ
−1
w  f . fs/2,
where τsw is the characteristic time of frequency sweep-
ing, f is the carrier frequency of the received signal (of
the same order as the cyclotron frequency fce = ωce/2pi ∼
6− 10 GHz or its lower harmonics), and fs is the oscillo-
scope sampling rate.
Simultaneously to the plasma emission in 2− 20 GHz
frequency band, we measure precipitations of energetic
electrons (> 10 keV) from the trap ends by a pin-diode
detector with time resolution about 1 ns.
This experimental technique was previously reported
in Refs. 6, 16, and 17. As compared to our early studies,
it allows us to detect the instabilities during all stages of
a discharge in one experimental shot and distinguish fine
details of the radiation spectrum.
III. MICROWAVE EMISSIONS OF MIRROR-CONFINED
PLASMA
The described stages of pulsed ECR discharge offer the
opportunity to simultaneously study wave-particles inter-
actions for essentially different plasma parameters: at the
initial stage, when the density of hot relativistic electrons
exceeds the density of cold electrons, at the developed
steady ECR discharge, and in the decaying plasma after
the gyrotron switch-off. On each stage, we detect series
of quasi-periodic broadband pulses of electromagnetic ra-
diation with a typical duration of a few microseconds,
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FIG. 2. Example of dynamic spectrum of the plasma emission during and after ECR discharge. Instabilities of type (a)-(e)
are indicated, type (f) is out of the time slot. Straight lines show the variation of 2fce0 (green), fce0 (white) and fce0/2 (red),
where fce0 is the electron cyclotron frequency in the center of the magnetic trap on its axis. The ECR heating is switched-on
at 0 ms (not shown) and switched-off at 1 ms. The left boundary of the time axis corresponds to ECR breakdown when the
plasma becomes visible in all diagnostics. The signal is detected by 2− 20 GHz antenna looking along to the magnetic field.
and related precipitations of energetic electrons, which
are presumably caused by cyclotron instability of differ-
ent electromagnetic modes or by generation of plasma
waves. It should be stressed here that kinetic instabili-
ties provide the only reasonable mechanism for losses of
adiabatically confined collisionless hot electrons in our
experiment.
A typical dynamic spectrum of the electric field os-
cillations in the excited wave is shown in Fig. 2. This
example gives a good overview since almost all types of
instabilities may be observed simultaneously. Different
kinds of instabilities are considered below in more de-
tail. Note, that particular details of the measured elec-
tromagnetic spectrum may vary from one shot to another
while all other controlled parameters of the setup re-
main unchanged. Most of observed dynamic spectra are
strongly correlated to the time-varying electron cyclotron
frequency fce0 at the trap axis in the central cross-section.
That evidences in favor that the observed radiation is ex-
cited under electron cyclotron conditions and the region
of effective wave-particle interaction is more likely situ-
ated in the trap center, where the magnetic field is the
most uniform. Location of the effective interaction area
in the region of the most homogeneous magnetic field was
discussed earlier for space cyclotron masers.
(a) X-mode emission at the start-up phase
At the start-up phase of the ECR discharge while dense
plasma is absent we detected microwave radiation in a
direction presumably perpendicular to the ambient mag-
netic field at frequencies slightly higher than the electron
cyclotron frequency fce0, see Fig. 2 label a. Therefore, it
is more naturally explained by the excitation of the loss-
cone instability of a fast extraordinary (X) wave, which
propagates obliquely to the magnetic field18.
We explored two significantly different regimes of in-
stabilities – periodic wave packets with fast raising tones
smoothly transforms into emission with the continuous
spectrum16. This transition is shown in Fig. 3. During
time 400-500µs periodic emission of fast rising tones is
observed; this is visible in Fig. 4 which shows a zoom of
the same spectrum as Fig. 3. The frequency sweeping
rate in a single wave packet is about 5 GHz/µs. Then
the registered signal is almost zero for a period of about
10µs. After that, the spectrum of microwave emission
is changed to the continuous broadband radiation during
510-580µs. In both cases, the bandwidth of emission is
about several GHz. It is seen from the spectrogram that
the lower spectrum boundary of radiation is greater than
fce0 by an amount of about 0.01fce0.
Analysis of the most favorable conditions for excitation
of the loss-cone instability may be used to estimate the
maximum energy of the hot resonant electrons16. This
energy is related to the upper boundary of the observed
emission frequency as εh ≈ (ωmax/ωce − 1)mec2. For
the case shown in Fig. 3, ωmax/ωce ≈ 1.2, which indi-
cates that electrons are accelerated up to 100 keV at the
start-up discharge stage. In other experiments the ratio
ωmax/ωce may be up to 1.6, which corresponds to the
energies up to 300 keV. This agrees well with the previ-
ously published data on the measurement of the electron
energy distribution19.
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FIG. 3. (a) Waveform and (b) its dynamic spectrum of plasma microwave emission at the start-up stage, (c) the corresponding
signal from the hot electron detector. The value of the electron gyrofrequency fce0 at the trap center is shown by a white solid
curve on the dynamic spectra.
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FIG. 4. Zoom of spectrum shown in Fig. 3(b). Here the periodic fast rising tones are clearly visible.
(b) Whistler waves during the stationary ECR discharge
During the developed discharge phase we registered mi-
crowave emission in a direction along the trap axis, i.e.
longitudinal to the ambient magnetic field, at frequencies
about fce0/2, see Fig. 2 label b. Figure 5 shows an ex-
ample of such quasi-periodic bursts of radiation in more
detail. Every radiation pulse is strongly correlated with
precipitations of energetic electrons measured by the p-
i-n detectors. The duration of pulses is about 1µs. The
distinctive feature of this type of instability is the pres-
ence of the selected frequencies (more than ten) in the
spectrum, which are arranged equidistantly relatively to
each other. These frequencies of spectral components
are slightly changing in time while the distance between
them is constant. Typical distance between spectral com-
ponents is ∆f ≈ 150 MHz (∆f/f ≈ 0.05) and the spec-
tral width of a single component is ∆fsingle ≈ 20 MHz
(∆fsingle/f ≈ 7× 10−3), see Fig. 5c.
At a large density of the background plasma during the
stationary ECR discharge stage, ωpe  ωce, cyclotron
instabilities of the extraordinary waves are suppressed,
because their dispersive properties are strongly modified
by the background plasma. Emission of dense plasma
at frequencies about fce0/2 is most naturally related to
the whistler mode instability. At our setup, this insta-
bility was first observed and explained based on rather
crude data obtained with microwave detectors and a filter
bank14. Later, essentially more accurate dynamic spec-
tra were derived using the abilities of a wideband digital
oscilloscope6. New detailed experimental data seems to
be in full agreement with the original interpretation of the
observed instability below fce0 as excitation of whistler
modes trapped inside the plasma column.
50.92 0.925 0.93 0.935 0.94 0.945 0.95 0.955 0.96 0.965 0.97
Time (ms)
-0.5
-0.4
-0.3
-0.2
h
o
t 
e
le
c
tr
o
n
s
 (
a
.u
.)
3
4
5
F
re
q
u
e
n
c
y
 (
G
H
z
)
-140
-130
-120
-110
-100
-90
P
o
w
e
r/
fr
e
q
u
e
n
c
y
 (
d
B
/H
z
)
-0.5
0
0.5
S
ig
n
a
l 
(V
)
10
12
14
16
F
re
q
u
e
n
c
y
 (
G
H
z
)
-140
-130
-120
-110
-100
-90
P
o
w
e
r/
fr
e
q
u
e
n
c
y
 (
d
B
/H
z
)
(a)
(b)
(c)
(d)
2fce0
1/2 fce0
FIG. 5. (a) Waveform and (b,c) its dynamic spectrum of plasma microwave emission during the stationary ECR discharge, (d)
the signal from the hot electron detector. The values of fce0/2 and 2fce0 at the trap center are shown by solid curves on the
dynamic spectra.
(c) Microwave emissions above fce in dense plasma
Simultaneously to the whistler wave instability, the
other instability was observed at frequencies between fce0
and 2fce0, see Fig. 2 label c. The propagation direction
of this radiation can not be clearly identified. The dy-
namic spectrum has a sharp upper boundary which varies
in proportion to the frequency of 2fce0. This microwave
emissions apparently can be related to the excitation of
plasma waves under the upper hybrid resonance (UHR).
Plasma waves propagate perpendicular to the ambient
magnetic field and then transform to electromagnetic
waves (e.g. slow extraordinary waves) in rarefied plasma
at the boundary of the plasma column. Figure 5b shows
a typical example of the high-frequency emission com-
ing from the dense plasma. The upper cut-off frequency
f∗ is clearly observed and (2fce0 − f∗) ≈ 0.1fce0. The
spectrum of radiation is rather complex, but we can dis-
tinguish single wave packets with decreasing frequency.
(d) Excitation of plasma waves under the double plasma
resonance condition
Very intense bursts observed just after ECR heating
switch-off at the very beginning of the plasma decay
phase have been attributed to excitation of the upper-
hybrid turbulence under the double plasma resonance
(DPR) condition17. In this case, the instability growth
rate of quasi-electrostatic plasma waves is greatly in-
creased when the UHR frequency ωuh = (ω
2
pe + ω
2
ce)
1/2
is equal to one of the harmonics of the electron gy-
rofrequency ωce. Due to further conversion of quasi-
electrostatic waves into electromagnetic waves, this leads
to the appearance of narrow-band emission near the har-
monics of the electron gyrofrequency that lasts a finite
time interval when the DPR condition is met.
In the experiment, we observed DPR only at the sec-
ond cyclotron harmonic which was limited by the band-
width of used oscilloscope, see Fig. 2 label d and, in
more details, Fig. 6. The DPR condition, ωuh = 2ωce
or equivalently ωpe =
√
3ωce, was met for the decreasing
UHR frequency during the plasma decay. For the exam-
ple shown in Fig. 6, the instability was detected with a
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FIG. 6. (a,b) Series of quasiperiodic bursts of plasma emission under double plasma resonance condition and (c) synchronous
precipitations of energetic electrons from the trap. The value of 2fce0 at the trap center is shown by a green solid curve on the
dynamic spectra.
delay of about 80µs after the ECR heating switching-
off as a long series of periodic pulses (up to hundreds of
bursts) of bright emission at frequencies near 2fce0. Syn-
chronously, strong precipitations of fast electrons from
the trap are triggered. In contrast to previous types,
this kind of emission has no frequency sweep in a single
burst, the spectral width of radiation is ∆f/f ≈ 0.1. The
period of oscillations is about 200 ns and a single burst
duration is about 50 ns.
The electromagnetic energy released during this partic-
ular phase is more than a half of the total energy emitted
during the entire decay phase. By this moment of time,
the density of the decaying cold plasma does not drop
essentially, so that Nc > Nh and ωpe > ωce, hence we
still consider the dense plasma case. The propagation di-
rection of this radiation can not be clearly identified, we
see equally strong signal in both antenna ports.
It should be noted that increased UHR activity under
the DPR conditions is not a rare event in astrophysical
plasmas. It is related to the phenomenon of zebra pat-
terns observed in the solar corona (type IV bursts)20,21,
to the decametric radiation of Jupiter and even to the
radio emissions of pulsars22,23.
(e) X-mode emission in rarefied decaying plasma
Next type of instability develops at the mature phase
of plasma decay when Nh ∼ Nc and ωpe  ωce,
and the ECR heating of unstable electrons is off, see
Fig. 2 label e and Fig. 7. Such instability was first ob-
served as quasi-periodic series of pulsed energetic elec-
tron precipitations that appeared with some delay af-
ter the heating power off12, later rough estimations of
plasma cyclotron emission spectrum were obtained us-
ing microwave detectors10, and just recently detailed dy-
namic spectra were measured with a digital broadband
oscilloscope6. In early experiments with detectors, this
radiation was observed presumably in the perpendicu-
lar to the magnetic field direction; however this has not
yet been confirmed in the latest experiments with fine-
resolved spectra.
A typical dynamic spectrum of plasma emission during
the decay stage is shown in Fig. 7. Plasma emission con-
sists of a sequence of periodic bursts with decreasing fre-
quency within a single burst. The duration of every burst
is about 1µs and the period varies from 50 to 100µs. Al-
most every burst starts with a narrow-band emission at
frequency slowly decreasing in time. Then during a very
short period (about 100 ns) the frequency of radiation
rapidly drops with speed about 5 GHz/µs.The moment
of fast frequency drop is correlated with energetic elec-
trons precipitation from the trap ends. The frequency of
emission is between fce0 and 2fce0, and is also propor-
tional to fce0.
Originally, the instability was interpreted as a result
of resonant interaction at the fundamental cyclotron har-
monic between the energetic electrons and the slow ex-
traordinary waves propagating in a rarefied plasma across
the external magnetic field at frequencies below the lo-
cal gyrofrequency12. The delay between the ECR heat-
ing switch-off and triggering of the instability was ex-
plained by a polarization depression effect of the back-
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FIG. 7. Series of quasiperiodic bursts of plasma emission in decaying plasma. The value of 2fce0 at the trap center is shown
by a green solid curve on the dynamic spectra.
ground (more dense and cold) plasma. However, more
recent measurements clearly showed that the instability
develops above the fundamental cyclotron harmonic near
the trap center. It means that either the source region
of this instability is not located in the trap center, or the
instability can not be attributed to the slow X waves.
The latter option is more reasonable since the region of
the most uniform magnetic field in the trap center seems
to be most favorable for excitation of kinetic EC insta-
bilities. Thus, we assume now that this instability is
more likely related to the obliquely propagating fast X
wave generated at the fundamental cyclotron harmonic,
just as in the case of X-mode emission at the start-up
phase, or its second harmonic. In most shots, we observe
a delay before triggering of the instability at the fun-
damental harmonic that is caused by the cut-off due to
the presence of the cold and dense background plasma24.
Interesting to note that, in spite of completely different
mechanisms, the background plasma density required for
triggering of the slow and fast X-modes at the fundamen-
tal harmonic is defined by qualitatively the same condi-
tion ωpe . ω
√
εh/mec2 where εh is the characteristic
kinetic energy of radiating fast electrons.
As discussed further, the sequences of pulsed bursts at
the nonlinear instability phase may be explained in terms
of a cyclotron maser model with a fast decrease of electro-
magnetic energy losses25. The temporal behavior of mi-
crowave bursts and synchronous electron precipitations
may be rather complex. Together with periodic patterns
of bursts, single bursts may join in periodic groups of
bursts, see Fig. 7, the interval between bursts may be-
come irregular and generation may even be switched to
a stochastic regime26.
(f) Complex transients with periodic frequency sweeps in
decaying plasma
Highly transient complex spectra with many periodic
frequency sweeps have been observed at late phase of
plasma decay with Nh & Nc and ωpe  ωce, see Ref. 27.
A typical dynamic spectrum of the electric field oscilla-
tions in the excited wave is shown in Fig. 8. Excitation of
these chirping wave packets is observed after ECR heat-
ing switch-off with a pronounced delay from 0.1 to 1 ms
and only when the ambient magnetic field is decreasing
in time. Frequency band of the observed microwave emis-
sion is below the electron cyclotron frequency fce0 in the
trap center. The dependency of emission frequency band
on the ambient magnetic field variations indicates that
excited waves are of a cyclotron nature. There is no reli-
able data on the propagation direction of this radiation.
FIG. 8. Electric field oscillations (a) and corresponding dy-
namic spectrum (b) for the microwave emission during the
late decay stage.
8The dynamic spectrum of emission is a set of highly
chirped radiation bursts with both increasing and de-
creasing frequencies. Frequency variation rate is in the
range 20–40 MHz/µs. The bandwidth of this narrow-
band emission is about 2× 10−3fce0. Rising tones expe-
rience in frequency sweep a saturation level after which
the intensity of microwave emission is abruptly reduced.
Wave packets are grouped in batches with the number of
bursts in packs of about 10. The duration of narrow-band
spike reaches about 10µs. Bundles of these pulses occur
quasi-periodically with a period of 10–20µs. Sometimes
a very long series of pulses with a duration up to 1 ms
are observed.
Unlike other types of instabilities observed in the ex-
periment, in this case, electromagnetic emission in all
cases is not accompanied by precipitating hot electrons.
The energy of confined hot electrons may be estimated
from its emission spectrum. Detuning between the emis-
sion frequency and the fundamental cyclotron frequency
at the trap center is in the range 0.02–0.15 fce0, what
corresponds to the relativistic gyrofrequency shifts for
electrons with characteristic energies 10–90 keV.
IV. SOURCE OF FREE ENERGY FOR KINETIC
INSTABILITIES
In conditions of the reported experiment, the instabil-
ity growth-rate in the kinetic regime may be calculated
as an integral along the cyclotron resonance curve in a
velocity space, see e.g. Ref. 28,
γL =
∫
h(υ||, υ⊥)
(
∂f
∂υ⊥
+
k||υ⊥
ωce
∂f
∂υ||
)
×
× δ(ω − k||υ|| − nωce/γ) dυ⊥dυ||,
where f(υ||, υ⊥) is the electron distribution function over
parallel and perpendicular velocities to the external mag-
netic field, δ-function defines the relativistic resonance
condition, k‖ is the wave-vector component along the
magnetic field, γ is the relativistic factor of electrons, n
is the cyclotron harmonic number, and h is some mode-
specific function. In case of the X mode propagating
near the fundamental harmonic in rarefied plasma (most
relevant to our study) h = pi2ω2peωceυ
2
⊥/4ω. We consider
weakly relativistic electrons with energies less than mec
2.
In this case the derivative over parallel velocities may be
neglected,
∂f/∂υ⊥  (k||υ⊥/ωce) ∂f/∂υ|| ∼ (υ⊥/c) ∂f/∂υ|| .
Therefore, the instabilities are driven presumably by pos-
itive slopes ∂f/∂υ⊥> 0 of the distribution function, or,
equivalently, by an inverse population of Landau lev-
els. Below we discuss the formation of regions with
∂f/∂υ⊥ > 0 in phase-space that may serve as a source
of free energy for the kinetic instabilities.
As shown by many authors, strong ECR plasma heat-
ing in adiabatic magnetic traps results in formation
FIG. 9. Distribution function of fast electrons in velocity
space in ECR heating region (top) and in a cross-section
shifted in lower magnetic field towards the trap center (bot-
tom), and curves of the EC resonance corresponding to
transverse-propagating slow X wave at ω < ωce (1) and fast
oblique X wave at ω > ωce (2). Note that for any propaga-
tion direction the relativistic resonance at the fundamental
cyclotron harmonic always runs around the origin of coordi-
nates for ω < ωce and outside the origin of coordinates for
ω > ωce.
of anisotropic distributions of accelerated fast electrons
characterized by a predominance of transverse velocities
(relative to the direction of the magnetic field) to the lon-
gitudinal ones. For weakly relativistic electrons this may
by modeled by bi-Maxwellian distribution,
f = A exp
(
−
meυ
2
||
2T||
− meυ
2
⊥
2T⊥
)
Θ
(υ⊥
υ
)
, (1)
where Θ(υ⊥/υ) is an additional step-like function that
describes the empty loss-cone in velocity space, υ⊥/υ <√
B/Bmax, typical for adiabatically confined particles in
a mirror trap. Isolines of this distribution function are
shown in Fig. 9 (top plot).
One can see that regions with ∂f/∂υ⊥ > 0 are only
9formed at the loss-cone boundary. This is favorable for
excitation of the loss-cone instabilities in geometry where
the resonance curve is entirely in the loss region in the
velocity space and touches the loss-cone, see curve 2 in
Fig. 9. At the fundamental harmonic, such instabilities
are only possible for inclined propagation at ω > ωce, i.e.
for the fast X mode29. Let us assume that the resonance
curve touches the loss-cone at velocities υ|| = υ∗ cosα∗
and υ⊥ = υ∗ sinα∗. This condition unambiguously de-
fines the frequency and propagation angle for the most
unstable X wave18,
ω/ωce = 1 + υ
2
∗/2c
2, k||c/ω = υ∗/(c cosα∗) (2)
with sinα∗ =
√
B/Bmax defined from the loss-cone
boundary. This may be used to relate the frequency
range of the measured emission and the energy of emit-
ting electrons, see e.g. Sec. III(a).
Another plasma wave that may be driven unstable
by solely the anisotropy of velocity distribution is the
whistler wave propagating at small angles to the mag-
netic field, see e.g. Ref. 1. This instability develops at
frequencies ω < ωmax = (1 − T||/T⊥) ωce. On the other
hand, in the experiments we measure ωmax ∼ ωce/2 what
corresponds to a very moderate level of the anisotropy re-
quired to excite the whistler instability.
A peculiar feature of our experiments is that ECR
heating is shifted from the trap center towards the higher
magnetic field. The distribution function of fast electrons
in the ECR heating zone is approximated with Eq. (1);
however, this distribution deforms while moving to lower
magnetic field regions as shown in Fig. 9 (bottom plot).
Such deformation may be understood assuming adiabatic
motion of fast particles along the magnetic field lines
such that the kinetic energy ε = meυ
2/2 and the mag-
netic momentum µ = meυ
2
⊥/2B are conserved. Let the
ECR heating corresponds to magnetic field B = BECR
and distribution function f(υ||, υ⊥). Following Liou-
ville’s theorem, the distribution function at magnetic
field B′ < B may be found as f ′(υ′||, υ
′
⊥) = f(υ||, υ⊥)
where υ2|| = υ
′
||
2
+ υ′⊥
2
(1 − B/B′) and υ2⊥ = υ′⊥2B/B′.
For the bi-Maxwellian distributon (1) one obtains
f ′ = A exp
(
−
meυ
′
||
2
2T||
− meυ
′
⊥
2
2T ′⊥
)
Θ′
(
υ′⊥
υ′
)
Θ˜
(
υ′⊥
υ′
)
,
where Θ′ defines the empty loss-cone υ′⊥/υ
′ <√
B′/Bmax that corresponds to new magnetic field, Θ˜
defines the empty region υ′⊥/υ >
√
B′/BECR from which
particles can not reach the ECR zone (the anti-loss-cone),
and new effective transverse temperature is found from
1
T ′⊥
=
1
T||
(
1− BECR
B′
)
+
1
T⊥
BECR
B′
.
Note that the effective temperature can be negative for
small enough magnetic field: T ′⊥ < 0 when B
′ < (1 −
T||/T⊥) BECR. So, a strong enough anisotropy of the
fast electrons in the heating zone results in butterfly-
like distribution in central parts of the trap that possess
∂f/∂υ⊥ > 0 everywhere except the boundary of the anti-
loss-cone, see bottom panel in Fig. 9.
The described transition to “globally unstable”
butterfly-like distribution function essentially effects the
kinetic instabilities. First, it improves conditions for the
fast X mode instability – instead of touching the loss
cone boundary at a singular point, the resonant curve
may go through the body of the butterfly wing (compare
curves 2 in the top and bottom panels of Fig. 9). As
a result, the fast X mode instability occurs in a much
wider parameters range. Numerically we found that the
maximum growth-rate occurs when the resonant curve
touches the anti-loss-cone boundary. Thus we again can
use Eqs. (2) to relate the frequency and propagation an-
gle of the measured emission to the energy of emitting
electrons, however the angle α∗ is now defined from the
anti-loss-cone boundary as sinα∗ =
√
B′/BECR.
Second, the butterfly distribution seems to be less fa-
vorable for excitation of the slow X mode than the stan-
dard loss-cone distribution (1). The reason is that for
butterfly distribution there are always four sharp gra-
dients along the resonant curve – two of them corre-
spond to the loss-cone boundaries and are destabilizing
(∂f/∂υ⊥ > 0), the other two correspond to the anti-
loss-cone boundaries and are stabilizing (∂f/∂υ⊥ < 0),
see curve 1 in Fig. 9 (bottom). The stabilizing gradi-
ents correspond to higher υ⊥, so they always dominate
over destabilizing ones after the integration over the res-
onance curve. Thus, the slow X mode may develop only
inside the ECR heating zone where the anti-loss-cone is
absent. Since this region is highly localized, the overall
probability of the slow X mode instability is very low.
Assuming that T⊥  T|| and that spread in parallel
velocities of fast electrons is defined by its Coulomb scat-
tering on dense plasma during the ECR discharge, one
obtains the following estimate:
T|| ≈ τgyrνei(T⊥) T⊥ ≈ 12 keV/
√
T⊥[keV],
where τgyr = 1 ms is the gyrotron pulse length, and νei
is the collision rate of fast electrons calculated for the
background plasma density Ne = 10
13 cm−3. In our con-
ditions the mean electron energy εh ∼ 10−100 keV, thus
the perpendicular temperature varies in the same range
and the longitudinal temperature varies from T|| ∼ 1 keV
for T⊥ ∼ 100 keV to T|| ∼ 4 keV for T⊥ ∼ 10 keV. Corre-
spondingly, the magnetic field variation needed for tran-
sition to the globally unstable butterfly-like distribution
varies from ∆B/B ∼ 1% to 40%, so in the worst case
B′ = 0.8 T. Having in mind that the minimum magnetic
field in the trap center is always less than 0.8 T, we can
conclude that the globally unstable distribution likely is
formed at all experimental conditions. Corresponded lin-
ear growth-rates of the X-mode instability are estimated
in the range γL ∼ 107 − 5 · 108 s−1 depending on both
fast electron and background plasma densities.
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V. CYCLOTRON MASER PARADIGM
As seen from the experimental data, the general pic-
ture of plasma emission due to kinetic instabilities is very
complex. However, most of the observed features may
be understood within a universal model of the cyclotron
maser instability. It is based on a common description
for the self-consistent evolution of particles and waves
by means of the so-called quasilinear theory, a perturba-
tive approach that involves many overlapped waveparti-
cle resonances as a basis for diffusive particle transport
in phase space30,31. Quasilinear interaction of hot res-
onant electrons with the unstable electromagnetic wave
reduces its transverse energy, at the same time the wave
is exponentially increasing at the linear stage of the in-
stability. As a result, some fast electrons fall within the
loss cone and leave the trap. These losses reduce the in-
stability growth rate and, finally, restrict the increase in
the electromagnetic energy density in the system.
The joint evolution of the electromagnetic field and res-
onant electrons may be described by the standard set of
quasilinear equations adopted for magnetically confined
inhomogeneous plasma1:
∂F
∂t
= S˜(J) +Q, Q = ∂
∂Ji
(
Dij ∂F
∂Jj
)
,
∂|E|2k
∂t
− vgr ∂|E|
2
k
∂r
= (γ˜L − ν˜) |E|2k
(3)
with
Dij = Dij(J)
∫
|E|2k δ(ω − k||υ|| − nωce/γ) dk,
γ˜L =
∫
hi(J)
∂F
∂Ji
δ(ω − k||υ|| − nωce/γ) dJ.
These equations describe the wave intensity |E|2k and the
hot electron distribution function F (J) over the invari-
ants of adiabatic motion J = (ε, µ), where ε is the ki-
netic energy and µ is the magnetic momentum. Here Q is
the quasi-linear operator responsible for the diffusion in-
duced by unstable waves; S˜ is the source of hot particles,
which itself may be modeled as a quasi-linear diffusion in-
duced by an external (gyrotron) wave field; ν˜ is the wave
damping rate which is in most cases defined by Coulomb
collisions in the background cold plasma; and γ˜L is the
instability growth rate proportional to the gradient of the
electron distribution function, so flattening of the distri-
bution function due to the quasi-linear diffusion results
in saturation of the instability. Kernels of the diffusion
coefficient, Dij , and of the linear growth-rate, hi, depend
on a particular mode structure.
Quasilinear equations are rather complex since they
are formulated in at least three-dimensional space – two
invariants of the motion and one spatial coordinate in the
direction of wave energy travel. Fortunately, the most es-
sential physics may be described qualitatively using much
simpler approach of balance equations:
dN
dt
= S − κEN , dE
dt
= (γL − ν)E (4)
with
κ = h/εh, γL = hN, ν = ν˜ + τ
−1
gr lnR.
Here N is the population of resonant electrons, E is the
total energy of the unstable mode, κ determines the losses
of resonant electrons, h is the growth-rate averaged over
the wave propagation path, and ν is the total electro-
magnetic losses including not ideal reflection from the
resonator “ends”, where τgr ∼ L/vgr is the “group time”
of wave packet propagation and R is the reflection coef-
ficient. The first equation describes the rf-field-induced
losses of hot electrons with effective energy εh, while the
second equation describes the change of the wave energy
in terms of the relation between the linear instability
growth-rate γL and dissipation ν. Although these equa-
tions looks very phenomenological, they may be formally
obtained from a full set of quasilinear equations. To do
that, one must assume a narrow and constant wave spec-
trum, |E|2k ∝ E(t) δ(k− k0), seek the distribution func-
tion as an expansion over the eigenfunctions fn of the
quasi-linear operator,
f =
∑
cn(t) fn(J), Q(fn) = −λnfn,
and consider only the slowest n = 0 term corresponding
to the smallest λn. Then, the quasilinear equations equa-
tions (3) would result exactly in Eqs. (4) for N = c0(t).
To calculate the coefficients κ and h it is necessary to
know the solution of the original quasilinear kinetic equa-
tion. However, in our case it is possible to obtain a simple
relation κ = h/εh by imposing the energy conservation
law in the from
d
dt
(εhN + E) = εhS − νE.
Further details and comprehensive discussion on applica-
bility of the balance equations can be found in Ref. 1.
Assume for simplicity that all the coefficients in Eq. (4)
are either constant in time or adiabatically slowly vary.
All oscillations in system (4) decay with time and the
system relaxes to the equilibrium state
N = ν/h, E = Sεh/ν.
Linearizing the balance equations in the vicinity of this
equilibrium for the perturbations δN, δE ∝ exp(iωt) al-
lowing for the assumption Reω  Imω, one finds the
complex frequency corresponding to the solution of the
dispersion relation
ω ≈
√
Sh+ iSh/(2ν).
In fact, the quantity 1/Reω determines the period of a
singular pulse and Reω/Imω determines the number of
pulses in a series, i.e. both parameters are experimen-
tally obtained. Thus, comparing with the experimental
data, we can estimate the value of the cyclotron instabil-
ity growth rate at the linear instability threshold, γL = ν,
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and the stationary density of the electromagnetic field
energy referred to the hot electron energy as
γL ≈ (Reω)2/(2Imω), E/εhN ≈ (2Imω/Reω)2.
The experimental data correspond to the growth rate
γL ∼ 108 s−1 at the ECR start-up phase and for the
under the DPR condition, and γL ∼ 107 s−1 for other
stages. The maximum electromagnetic energy density is
about 1 µJ/cm3 for N ∼ 1010 cm−3 and εh ∼ 300 keV. In
this case, the particle source amounts to S ∼ 10−3γLN .
For more realistic simulations, we allow for the time
variation of the particle source intensity S, the gain pa-
rameter h and the radiation losses ν. One can find that
very simple balance equations have a rich family of os-
cillatory solutions, that depending on particular parame-
ters may vary from harmonic oscillations in the vicinity of
the equilibrium point up to deeply modulated nonlinear
waves with a big intermittency factor. Different regimes
of oscillations have been successfully used to interpret the
time-resolved burst activity in plasma emission and elec-
tron precipitations at different stages of discharge. Typ-
ical examples of simulation of the instability dynamics
are shown in Fig. 10.
(a) Start-up phase
At the initial discharge stage, the free energy is gath-
ered from the source of resonant particles S(t) that is in-
creasing in time after the ECR heating switch-on. Cor-
respondingly, the equilibrium is also changing in time.
This may explain the transition between two regimes of
the fast X mode instability when periodic wave packets
with fast raising frequency smoothly transforms into the
continuous spectrum described in Sec. III(a). The grad-
ual increase of the intensity of the fast electron source
results in variation in the stationary level of radiation
and related electron precipitations during the discharge
evolution. An increase of this level in times that signif-
icantly exceed the relaxation-oscillation period explains
the “quiet” region (in which the burst activity is sup-
pressed), experimentally observed between the solitary-
peak oscillation and the stationary oscillation regions, see
times 500− 510 µs in Fig. 3.
(b, c) Stationary ECR discharge
During the stationary ECR discharge, constant source
S maintains the equilibrium with a high enough wave en-
ergy, so the observed periodic and quasi-stationary emis-
sions may be attributed to small oscillations around this
equilibrium. This picture fits well to the whistler wave
instability observed below the central gyrofrequency fce0
described in Sec. III(b). However, microwave emissions
observed in dense plasma at frequencies between fce0 and
2fce0 as described in Sec. III(c), show rather complex
temporal and spectral evolution not suited to the pro-
posed simple model. Theoretical interpretation of this
phenomena is still a subject of our efforts.
(d) Double plasma resonance condition
Just after the ECR heating switch-off, the source is
absent S = 0. However initial pool of resonant electrons
is still full until the system is below the threshold, γL < ν.
In Sec. III(d) we assume the threshold is overcame at the
DPR condition ωuh = 2ωce. In our model meeting of the
DPR condition at some moment of time is described by a
rapid increase of gain h in the balance equations (4), that
triggers the oscillatory motion, most likely, in a deeply
non-linear regime of a giant impulse.
In a more accurate description developed in Ref. 17,
the pulsing mode of the UHR turbulence is related ei-
ther to the competition of the instability and induced
scattering of plasma waves, or the excitation of fast mag-
netosonic waves in the magnetic trap. The first interpre-
tation seems more favorable due to a rather high growth
rates of plasma waves typical of our experimental condi-
tions. With Eqs. (4), the induced scattering of the UH
waves is described as additional non-linear modulation of
the loss term ν.
(e, f) Plasma decay
At the late stage of plasma decay, the source is also
absent S = 0, and the initial pool of resonant electrons
may be empty because of instabilities developed previ-
ously. The effective source of free energy is provided by
a fast decrease of the wave damping rate, which con-
stantly drives the system above the instability threshold.
It has been shown that, even in the absence of a con-
tinuously acting source of nonequilibrium particles, the
instability condition γL > ν is recovered after each burst
due to a monotonic decrease of the collisional absorption
ν(t) ≈ νei in a decaying plasma25. In this way, we explain
the sequences of pulsed bursts discussed in Sec. III(e).
Our simple model does not reproduce many features
of a complex temporal behavior of microwave bursts and
synchronous electron precipitations observed in the ex-
periment. As already mentioned, together with peri-
odic patterns of bursts, single bursts may join in peri-
odic groups of bursts with irregular intervals between the
patches of bursts. To describe more complex maser dy-
namics, the balance equations may be further generalized
to include several competing unstable modes. In particu-
lar, some features in the observed complex temporal dy-
namics in a decaying plasma, such as burst grouping and
spontaneous transition from quasi-periodic to stochastic
regimes, was explained with the idea of self-modulation of
a maser due to interference of two counter-propagating
degenerate unstable waves resulting in spatial modula-
tion of amplification26. However, this model can not
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(a) Start-up phase: S/γ0N0 = 10
−3 (1− exp(−τ/15000)) , h/h0 = 1, ν/γ0 = 1
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(b, c) Stationary ECR discharge: S/γ0N0 = 5× 10−5, h/h0 = 1, ν = 1
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(d) Double-resonance condition: S/γ0N0 = 0, h/h0 = 10 exp
(−(τ − 10000)2/10002) , ν/γ0 = 1
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(e, f) Plasma decay: S/γ0N0 = 0, h/h0 = 1, ν/γ0 = 1.6 exp (−τ/10000)
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FIG. 10. Development of EC instability in different regimes simulated with the balance equations – phase space n − e (left
panels), electromagnetic energy e(τ) and particle source S(τ)/S(0) (center), linear growth rate γL(τ)/γ0 and dissipative losses
ν(τ)/γ0 (right). For calculations, the initial system (4) was rewritten in dimensionless form allowing simulation in the absence
of experimental data calibration when the absolute values of the measured fields and the particle flows are unknown: dn/dτ =
(S/γ0N0) − (h/h0) en, de/dτ = [(h/h0)n− (ν/γ0)] e. Here, N0 ≈ N is a certain characteristic density of the hot electrons,
which, as opposed to N , does not vary in time, γ0 = h0N0 is the characteristic instability growth rate, τ = γ0t, n = N/N0, and
e = E/εhN0.
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describe the frequency sweeps resolved in the reported
experiments, and especially the complex transients in dy-
namic spectra described in Sec. III(f).
Modification of the spectra is typically related to a neat
modification of the distribution function of the resonant
particles. Within quasi-linear approach, which is most
developed for the whistler and Alfven wave cyclotron
instabilities in space1, the frequency sweeping may be
explained as a result of relatively slow modification of
the average distribution function of the resonant parti-
cles in the frame of the full kinetic equation. Although
the quasilinear theory is in principle able to describe fast
events, such as switching from kinetic to hydrodynamic
instability in the inner magnetosphere of the Earth32,33,
it faces essential difficulties in many cases involving fast
transients.
VI. HOLES AND CLUMPS PARADIGM
To explain complex transients with periodic frequency
sweeps observed in decaying plasma as described in
Sec. III(f), we consider an alternative universal physi-
cal mechanism based on formation of nonlinear phase
space structures in the proximity of the wave-particle res-
onances of a kinetically unstable bulk plasma mode27.
Such regimes were proposed as a possible mechanism
of generation of narrow-band chorus emissions in the
Earth’s magnetosphere34,35. Later evolution of similar
phase space structures was studied in Refs. 36–38 for the
case of essential wave dissipation, which is more relevant
to our experiments. Here the wave resonances do not
overlap, and the global quasi-linear transport in phase
space is suppressed. As the mode grows, most of the par-
ticles respond adiabatically to the wave, and only a small
group of resonant particles mix and cause local flattening
of the distribution function in phase space within or near
the separatrices formed by the waves. However, when a
linear dissipation from a background plasma is present,
the saturated plateau state becomes unstable, and the
mode tends to grow explosively. This results in the for-
mation and subsequent evolution of long-living structures
in the particle distribution, so-called holes (a depletion of
particles) and clumps (an excess of particles), whose fre-
quencies are slightly up- and down-shifted with respect
to that of the initial instability. Their subsequent con-
vective motion in the phase space is synchronized to the
change in wave frequency, thus leading to complex chirp-
ing patterns in dynamical spectra of unstable waves39–41.
This model seems to be the most suitable to explain
the transients with periodic frequency sweeps observed
in our experiment. For a very rough estimate, one can
isolate one spectral component and model the evolution
in time of one chirping event. Then, in the collisionless
limit for resonant particles, a bounce average of Maxwell–
Vlasov kinetic equations yields the frequency shift δω an
unstable mode as37
δω ≈ 16
√
2
3
√
3pi2
γL
√
νt . (5)
This expression is valid for the regime where resonant
particles are deeply trapped in the wave potential and
perturbation of the passing particle is negligible37. Al-
though this result was originally obtained for purely elec-
trostatic and one-dimensional bump-on-tail instability,
it gives reasonable qualitative estimates for more com-
plex electromagnetic problems42,43. Thus, we may apply
Eq. (5) to our case of the extraordinary wave propagating
in rarefied plasma. Fitting the the measured frequency
sweeps δω =
√
A t by constant A and assuming near-
threshold condition γL ≈ ν, one may estimate the up-
per boundary for the dissipation ν or, equivalently, the
lower boundary for the growth rate γL compatible with
Eq. (5). In the experiments we obtain typical values A =
(1− 3)× 1021 s−3 resulting in γL ≈ (1.7− 2.5)× 107 s−1,
what is in reasonable agreement with independent esti-
mates. More details may be found in Ref. 27.
VII. SUMMARY
Studies of cyclotron instabilities in magnetically
trapped laboratory plasmas have a long history but re-
main topical, mostly with the advent of powerful sources
of microwave radiation (especially, gyrotrons), which al-
low to sufficiently raise the level of energy input into the
plasma thereby increasing the “energetics” of nonequi-
librium resonant particles. An important advantage of
nonequilibrium ECR discharge plasma is an opportunity
to recreate different conditions for excitation and ampli-
fication of waves in plasma in the same setup. On the
other hand, generation of pulsed electromagnetic radia-
tion accompanied by hot electrons precipitation in the
laboratory conditions has much in common with similar
processes occurring in the magnetosphere of Earth, plan-
ets, and solar coronal loops. Thus, this paper may be of
interest in the context of a laboratory modeling of non-
stationary processes of wave-particle interactions in space
plasma, since there are a lot of open questions about
the origin of some types of emissions in space cyclotron
masers, especially mechanisms of fine spectral structures.
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